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2YHUDOO WKHTXDOLWDWLYHDJUHHPHQWEHWZHHQWKHRU\DQGH[SHULPHQW LVH[FHOOHQW)LJXUH6LQ
WKH 6XSSRUWLQJ LQIRUPDWLRQ SURYLGHG DOVR VKRZV D FRPSDULVRQ RI WKH FDOFXODWHG DQG
H[SHULPHQWDO VSHFWUD 1RWH WKDW XQFHUWDLQWLHV LQ H[FKDQJHFRUUHODWLRQ IXQFWLRQDOV UHGVKLIWV
FRQGXFWLRQ EDQG VWDWHV LQ WKH FDOFXODWHG ab initio HOHFWURQLF VWUXFWXUH UHVXOWLQJ LQ D VOLJKW
HQHUJ\PLVPDWFKRI VSHFWUDO IHDWXUHVFRPSDUHG WRH[SHULPHQWV)RU LQVWDQFH WKHFDOFXODWHG
  




ʌıSHDNDSSHDUVFHQWHUHGRQH9UDWKHU WKDQRQ WKHH[SHULPHQWDOYDOXHRIH9VHH
)LJXUH 6 LQ WKH 6XSSRUWLQJ LQIRUPDWLRQ SURYLGHG IRU IXUWKHU GLUHFW FRPSDULVRQV EHWZHHQ
H[SHULPHQWDO DQG WKHRUHWLFDO VSHFWUD 6XFK GLVFUHSDQFLHV FRXOG EH SDUWO\ DOOHYLDWHG E\
DGRSWLQJK\EULGIXQFWLRQDOVKRZHYHUWKLVZRXOGQRWDIIHFWRXUFRQFOXVLRQVDQGLVEH\RQGWKH
VFRSHRIWKHSUHVHQWZRUN,QDGGLWLRQFDOFXODWLRQVSUHGLFWWKDWH[FLWRQLFHIIHFWVFRQWULEXWHWR
WKH³ʌı´SHDNVKDSHDQGDEVROXWHSHDNSRVLWLRQRIH[SHULPHQWDORSWLFDODEVRUSWLRQVSHFWUDRI
QRQGRSHG JUDSKHQH>@ :KLOH WKLV VXJJHVWV WKDW H[FLWRQLF HIIHFWV PD\ DOVR SOD\ D UROH IRU
H[SHULPHQWDO 9((/ VSHFWUD WKH LQFOXVLRQ RI VXFK HIIHFWV LQ WKH SUHVHQW VLPXODWLRQV LV
FRPSXWDWLRQDOO\ LPSUDFWLFDO 'XH WR WKHVH FRPSXWDWLRQDO UHVWULFWLRQV FRPSDULQJ FDOFXODWHG
DQG H[SHULPHQWDO 9((/6 PDSV EDVHG RQ DEVROXWH HQHUJ\ ORVV DORQH LV FKDOOHQJLQJ
1HYHUWKHOHVV DPHDQLQJIXO FRPSDULVRQEHWZHHQ H[SHULPHQW DQG WKHRU\ FDQEHREWDLQHGE\
DGMXVWLQJ WKH DEVROXWH HQHUJ\ ORVV LQWHJUDWLRQ ZLQGRZ UDQJHV VOLJKWO\ WR HQVXUH WKH VDPH
VSHFWUDO IHDWXUHV FRQWULEXWH WR WKH WKHRUHWLFDO DQG H[SHULPHQWDO PDSV DQG VR WKDW HDFK
WKHRUHWLFDO PDS FRQWUDVW EHVW PDWFKHV WKDW RI WKH FRUUHVSRQGLQJ H[SHULPHQWDO PDS 7KH
LQWHJUDWLRQZLGRZVXVHG WRJHQHUDWH WKHPDSV LQ)LJXUHDUH LOOXVWUDWHG IRUFRQYHQLHQFH LQ
)LJXUH 6 RI WKH 6XSSOHPHQWDU\ LQIRUPDWLRQ SURYLGHG 3DLUV RI UHVXOWLQJ H[SHULPHQWDO DQG
WKHRUHWLFDO PDS LQWHJUDWLRQ ZLQGRZV DUH UHIHUUHG WR DV UHJLRQV ³,´ WR ³,9´ EHORZ VHH DOVR
)LJXUHDQG)LJXUH6LQWKH6XSSOHPHQWDU\LQIRUPDWLRQSURYLGHG
)RUUHJLRQ,WKHLQWHJUDWLRQZLQGRZVDUHFHQWHUHGRQWKHʌıSHDNPD[LPXP$VUHSRUWHGE\
+DJHet al.>@DQGFRQWUDU\WRWKHFDVHRIVLQJOHVXEVWLWXWLRQDO6LGRSDQWV>@LQWKLVHQHUJ\
UDQJHWKHUHLVQRREVHUYHGORFDOL]HGFKDQJHLQFRQWUDVWFHQWHUHGRQWKH%DQG1GRSDQWVLQWKH
H[SHULPHQWDO PDSV 7KLV VXJJHVWV WKDW DQ\ ORFDOL]HG FRQWUDVW LQ WKLV HQHUJ\ ORVV UHJLRQ LV
VLJQLILFDQWO\ OHVV SURQRXQFHG WKDQ LQ WKH FDVH RI 6L GRSDQWV $GGLWLRQDOO\ FDXWLRQ PXVW EH
WDNHQEHFDXVHWKHH[SHULPHQWDO9((/6PDSFRQWUDVWLQWKLVLQWHJUDWLRQZLQGRZFDQEHFRPH
GRPLQDWHG E\ WKH FRQWULEXWLRQ RI GLVRUGHUHG FDUERQDFHRXV PDWHULDO VXUURXQGLQJ WKH VLQJOH
  




OD\HUSDWFK'XHWRWKHVFDWWHULQJSK\VLFVLQYROYHGPDWHULDOVHYHUDOQPDZD\IURPWKHSUREH
SRVLWLRQZLOO FRQWULEXWH WR WKH UHVXOWLQJ VSHFWUXP VHHHJ5HIHUHQFHV >@ WKLV HIIHFWLYHO\
RYHUZKHOPVDQ\FRQWULEXWLRQRIWKHPRUHORFDOL]HGFRQWUDVWFKDQJHVSUHGLFWHGE\WKHRU\$Q
LOOXVWUDWLRQRIWKHHIIHFWRIDGYHQWLWLRXVFDUERQORFDWHGRQWKHIULQJHVRIDFOHDQVLQJOHOD\HU
SDWFKRIJUDSKHQHLVSURYLGHGLQ)LJXUH6RIWKH6XSSOHPHQWDU\LQIRUPDWLRQSURYLGHG
7KHUHODWLYHFRQWULEXWLRQRIGLVRUGHUHGFDUERQDFHRXVPDWHULDOLVORZHULQUHJLRQ,,UHVXOWLQJ
LQWKHDSSHDUDQFHRIDZHDNJUDSKHQHODWWLFHFRQWUDVWDFFRPSDQLHGE\DUHGXFWLRQLQFRQWUDVW
FHQWHUHGRQERWKLQGLYLGXDOGRSDQWDWRPV
,QUHJLRQ,,,ERWKH[SHULPHQWDOPDSVH[KLELWDSURPLQHQWJUDSKHQHODWWLFHFRQWUDVWZKLOHWKH
LQWHQVLW\DWWKH%1DWRPSRVLWLRQLVORZHUKLJKHUWKDQWKDWRIWKHVXUURXQGLQJODWWLFH:H
QRWHWKDWZKHQPDSSLQJWKHH[SHULPHQWDOGDWDXVLQJQDUURZH9ZLGHLQWHJUDWLRQZLQGRZV
SURJUHVVLYHO\ VSDQQLQJ UHJLRQ ,,, WKH PDS FRQWUDVW UHPDLQV ODUJHO\ XQFKDQJHG IRU ERWK
VDPSOHV FRPSDUHG WR WKH ZLGHU  H9 ZLQGRZ 7KH  H9 PDS ZDV WKXV GHHPHG
UHSUHVHQWDWLYHDQGSUHIHUUHGIRULOOXVWUDWLRQSXUSRVHVWKDQNVWRLWVKLJKHUVLJQDOWRQRLVHUDWLR
/DVWO\ LQ UHJLRQ ,9 WKH H[SHULPHQWDO JUDSKHQH ODWWLFH FRQWUDVW LV VLJQLILFDQWO\ UHGXFHG DV
FRPSDUHGWRUHJLRQ,,,UHVXOWLQJLQWKHPRVWSURPLQHQWIHDWXUHEHLQJWKHGHFUHDVHLQFUHDVH
LQ LQWHQVLW\ FHQWHUHG RQ WKH % 1 DWRP 7KLV LV UHIOHFWHG LQ WKH FRUUHVSRQGLQJ WKHRUHWLFDO
PDSV ZKHUH WKH FRQWUDVW DW WKH FHQWHU RI WKH KH[DJRQDO ULQJV LV FRPSDUDEOH WR WKDW DW WKH
FDUERQDWRPSRVLWLRQVZKLOH VKRZLQJD VLJQLILFDQWGHFUHDVH LQFUHDVH LQ LQWHQVLW\FHQWHUHG
RQWKH%1DWRPSRVLWLRQ
  

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


)LJXUH&DOFXODWHG3'26IRUDQRQGRSHGJUDSKHQHDQGJUDSKHQHZLWKDVLQJOH1ERU%
FVXEVWLWXWLRQDODWRPGRSDQW$OO)HUPLOHYHOVDUHVKLIWHGWR]HURHQHUJ\
7RXQGHUVWDQGWKHUHVXOWVLQ)LJXUHZHQHHGWRFRQVLGHUWKHHOHFWURQLFVWDWHVLQYROYHGLQWKH
WUDQVLWLRQV FRQWULEXWLQJ WR WKH ORFDOL]HG FRQWUDVW LQ RXU PDSV ,Q )LJXUH  ZH VKRZ WKH
  




SURMHFWHGGHQVLW\RIVWDWHV3'26DWWKHGRSDQWDWRPSRVLWLRQVSORWWHGVHSDUDWHO\IRUVSDQG
S]OLNHVWDWHV7KHVHFRPSDUHIDYRUDEO\ZLWKWKHFDOFXODWLRQVSUHVHQWHGLQ5HIHUHQFHV>@:H
VHHWKDWFRPSDUHGWRQRQGRSHGJUDSKHQH)LJXUHDWKHLQFRUSRUDWLRQRIDVLQJOH%GRSDQW
)LJXUHFUHVXOWVLQHOHFWURQLFVWDWHVEHLQJSXVKHGWRZDUGVWKH)HUPLOHYHOZKLOHD1GRSDQW
KDV WKH RSSRVLWH HIIHFW )LJXUH E 7KLV LV IXUWKHU YLVXDOL]HG LQ WKH EDQG VWUXFWXUH
FDOFXODWLRQV>@RI%DQG1GRSHGJUDSKHQHZKLFKDUHSUHVHQWHGIRUFRPSOHWHQHVVLQ)LJXUH
6LQWKH6XSSOHPHQWDU\,QIRUPDWLRQSURYLGHG
:KHQFDOFXODWLQJD9((/6PDSIRUDJLYHQHQHUJ\ORVVZHPXVWFRQVLGHUDOOSDLUVRIYDOHQFH
DQG FRQGXFWLRQ VWDWHV ZLWK WKDW HQHUJ\ GLIIHUHQFH DQG WDNH LQWR DFFRXQW WKH ZLGWK RI WKH
FKRVHQ LQWHJUDWLRQ ZLQGRZ )RU %GRSHG JUDSKHQH WKH REVHUYHG UHGXFWLRQ LQ 9((/6 PDS
FRQWUDVWFHQWHUHGRQWKH%DWRPIRUUHJLRQV,,,9FDQEHUDWLRQDOL]HGE\WKHSUHGLFWHGVKLIWRI
VWDWHVWRZDUGVWKH)HUPLOHYHOGHFUHDVLQJORFDOO\WKHQXPEHURIFRQGXFWLRQYDOHQFHVWDWHSDLUV
DYDLODEOHIRULQWHUEDQGWUDQVLWLRQVZLWKDQHQHUJ\GLIIHUHQFHH9)RUWKH1GRSHGV\VWHP
WKH SUHGLFWHG VKLIW RI VWDWHV DZD\ IURP WKH )HUPL OHYHO VLPLODUO\ H[SODLQV WKH UHGXFWLRQ LQ
9((/6PDSFRQWUDVWFHQWHUHGRQWKH1DWRPIRUHQHUJ\ORVVHVH9UHJLRQ,,DQGWKH
LQFUHDVH IRU HQHUJ\ ORVVHV !  H9 UHJLRQV ,,, DQG ,9 )HZHU PRUH YDOHQFHFRQGXFWLRQ
VWDWHSDLUVDUHDYDLODEOHIRULQWHUEDQGWUDQVLWLRQVZLWKHQHUJLHVRIOHVVPRUHWKDQH9)RU
ERWKGRSDQWV\VWHPVWKHDERYHGHVFULEHGHIIHFWVDSSHDUWREHKLJKO\ORFDOL]HGWRWKHGRSDQW
DWRPH[WHQGLQJDWPRVWWRWKHFORVHVWFDUERQQHLJKERUV,QIROORZLQJZLWKWKHDERYHDQDO\VLV
WKHUHGXFHGJUDSKHQHODWWLFHFRQWUDVWLQUHJLRQ,9PDSVFDQEHDWWULEXWHGWRWKH3'26RIQRQ
GRSHGJUDSKHQHGHFUHDVLQJ IDUDZD\IURPWKH)HUPL OHYHO$VGLVFXVVHGDERYH LQ UHJLRQ,
WKH FDUERQDFHRXV PDWHULDO FRQWULEXWLRQ WR WKH H[SHULPHQWDO PDSV SUHYHQWV D FRQFOXVLYH
YHULILFDWLRQRIWKHSUHGLFWHGORFDOL]HGUHGXFWLRQLQFRQWUDVWIRUERWKGRSDQWV\VWHPV
2XUUHVXOWVILWZHOOZLWKWKHSUHGLFWLRQRIORFDOL]HGXQRFFXSLHGʌDQGıVWDWHVLQGXFHGE\
WKHVLQJOH%DQG1DWRPGRSDQWV>@WKH LQYROYHPHQWRIVXFKVWDWHV LQ LQWHUEDQG WUDQVLWLRQV
  

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

FRQWULEXWLQJWRWKH9((/6VLJQDOZRXOGEHH[SHFWHGWRUHVXOWRQFHLQWHJUDWHGWRIRUPPDSV
H[KLELWLQJORFDOL]HGLQWHQVLW\FKDQJHVFHQWHUHGRQWKHGRSDQWDWRPSRVLWLRQDNLQWRWKRVHZH
REVHUYHH[SHULPHQWDOO\LQ)LJXUH
,Q D PRUH JHQHUDO FRQWH[W RXU GHPRQVWUDWLRQ RI DWRPLFVFDOH PDSSLQJ RI GRSDQWLQGXFHG
PRGLILFDWLRQV RI WKH HOHFWURQLF VWUXFWXUH RI JUDSKHQH KDV REYLRXV LPSOLFDWLRQV IRU WKH
GHYHORSPHQW RI DVVRFLDWHG IXQFWLRQDO PDWHULDOV DQG GHYLFHV 7KH KLJKO\ IRFXVHG HOHFWURQ
EHDPRI WKH67(0FRXOGEHXVHGWRSRVLWLRQVLQJOHVXEVWLWXWLRQDO%DQG1DWRPVLQVXFKD
ZD\DVWRDFKLHYHYHU\VSHFLILFHOHFWURQLFDQGSODVPRQLFSURSHUWLHVLQFOXGLQJWKHFRQWUROOHG
RSHQLQJRIDORFDOEDQGJDS>@7KLVDSSURDFKZLOOSDYHWKHZD\WRVLQJOHDWRPJUDSKHQH
EDVHGILHOGHIIHFWWUDQVLVWRUV>@RUVRODUFHOOV>@)XUWKHUPRUHVXEVWLWXWLRQDOERURQDQGRU
QLWURJHQ GRSLQJ RI JUDSKHQH DW WKH PDFURVFRSLF VFDOH LV DOVR RI VLJQLILFDQW LQWHUHVW IRU
LPSOHPHQWDWLRQ LQDZLGHU UDQJHRIJUDSKHQHEDVHGGHYLFHVQRW OLPLWHG WRQDQRHOHFWURQLFV
DSSOLFDWLRQV 7KLV LQFOXGHV IRU LQVWDQFH WKH HODERUDWLRQ RI PHWDOIUHH FDWDO\VWV>@
VXSHUFDSDFLWRUVRU/LLRQEDWWHULHV>@ ,W WKHUHIRUHIDOOV WRUHDVRQWKDWVLQJOHDWRP%DQG1
GRSHGJUDSKHQHJHRPHWULHVPD\YHU\ZHOOILQGWKHPVHOYHVEHLQJLPSOHPHQWHGLQRQHRUPRUH
VXFKGHYLFHVLQWKHQHDUIXWXUH7KHDELOLW\WRSUREHWKHHOHFWURQVWUXFWXUHGRZQWRWKHDWRPLF
VFDOHDORQJVLGHFRPSOHPHQWDU\PHDVXUHPHQWVRIERQGLQJDQGSODVPRQLFUHVSRQVHSURYLGHV
DQDO\WLFDO LQIRUPDWLRQ WKDW FRXOG DLG WKH GHYHORSPHQW DQG GHVLJQ RI WKHVH GHYLFHV ZKHUH
DWRPE\DWRPPDQLSXODWLRQLQWKH67(0FRXOGEHXVHGLQWKHLUIDEULFDWLRQ
&RQFOXVLRQ
,Q VXPPDU\ ZH XVHG 67(09((/6 WR LPDJH FKDQJHV LQ HOHFWURQLF VWUXFWXUH LQGXFHG E\
VLQJOH%DQG1GRSDQWV LQJUDSKHQHDW WKHDWRPLFVFDOH7KH LQFRUSRUDWLRQRID%1DWRP
SXVKHV WKH GHQVLW\ RI VWDWHV WRZDUGV DZD\ IURP WKH )HUPL OHYHO UHVXOWLQJ LQ HQHUJ\
GHSHQGHQW9((/6PDSFRQWUDVWFKDQJHVLQWKHH[WUHPH89IUHTXHQF\EDQG7KLVPHDQVWKDW
  




WKH KLJKO\ IRFXVHG HOHFWURQ EHDP LQ WKH 67(0 QRW RQO\ DOORZV IRU DWRPE\DWRP
PDQLSXODWLRQRIGHIHFWVLQJUDSKHQHEXWDOVRIRUWKHDFTXLVLWLRQRIGHWDLOHGRSWLFDOUHVSRQVH
DQGHOHFWURQLFVWUXFWXUHGDWDIURPWKHUHVXOWLQJVWUXFWXUHVDWWKHDWRPLFVFDOH7KH67(0LV
WKXV WUXO\ HPHUJLQJ DV D FRPELQHG GRSDQW PDQLSXODWLRQ DQG WHVWLQJ SODWIRUP IRU DFFXUDWH
WDLORULQJRIIXQFWLRQDOVLQJOHDWRPGRSDQWJHRPHWULHVLQJUDSKHQHDQGSURPLVHVWROHDGWRWKH
SUDFWLFDODQGFRQWUROOHGFUHDWLRQRIVLQJOHDWRPGHYLFHV
([SHULPHQWDO6HFWLRQ
Sample preparation: 6XEVWLWXWLRQDOGRSLQJZDVDFKLHYHGE\VHSDUDWHERURQDQGQLWURJHQLRQ
LPSODQWDWLRQRIGLVWLQFWJUDSKHQHILOPVVXSSRUWHGE\FRQYHQWLRQDOKROH\FDUERQ7(0JULGV
XVLQJ WKH *|WWLQJHQ PDVVVHOHFWHG LRQ EHDP GHSRVLWLRQ V\VWHP VXFK WKDW WZR VHWV RI
RWKHUZLVH LGHQWLFDO VDPSOHV ZHUH XVHG IRU WKLV ZRUN RQH %LPSODQWHG DQG WKH RWKHU 1
LPSODQWHG )XUWKHU GHWDLOV DUH JLYHQ LQ 5HIHUHQFH>@ DQG UHIHUHQFHV WKHUHLQ 7KH QRQGRSHG
JUDSKHQHUHIHUHQFHVDPSOHLVFRPPHUFLDOO\DYDLODEOHIURP*UDSKHQHD>@
STEM-EELS characterization: ([SHULPHQWDO GDWD ZDV DFTXLUHG XVLQJ WKH 'DUHVEXU\ 1LRQ
8OWUD67(00& GHGLFDWHG VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH HTXLSSHG ZLWK D
*DWDQ (QILQLXP (56 VSHFWURPHWHU 7KH RSHUDWLQJ YROWDJH ZDV  N9 DQG WKH EHDP
FRQYHUJHQFH VHPLDQJOH ZDV  PUDG UHVXOWLQJ LQ D  c HOHFWURQ SUREH>@ 7KH 0$$')
LPDJHGHWHFWRUVHPLDQJOHZDVíPUDG7KHVSHFWURPHWHUFROOHFWLRQVHPLDQJOHZDV
PUDG)RUVSHFWUDIURPWKH%DQG1GRSHGVDPSOHVWKHHQHUJ\UHVROXWLRQi.e., WKH]HURORVV
SHDN±=/3 IXOOZLGWKDWKDOIPD[LPXP):+0ZDV OLPLWHGE\ WKHGHWHFWRUSRLQWVSUHDG
IXQFWLRQ DW  H9 GXH WR WKH XVH RI D VSHFWUDO VDPSOLQJ RI  H9 SHU FKDQQHO 6SHFWUXP
LPDJHVRI WKH%DQG1GRSHGVDPSOHVZHUHDFTXLUHGXVLQJ*DWDQ¶V³'XDO((/6´PRGH LQ
RUGHUWRRSWLPL]HVLJQDOWRQRLVHLQWKHYDOHQFHORVVUHJLRQVHHe.g.5HIHUHQFH>@H[SRVXUH
WLPHVZHUHPV IRU VSHFWUD LQFOXGLQJ WKH IXOO=/3DQGPV IRU VSHFWUDFRYHULQJ WKH
  

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

YDOHQFH ORVV UHJLRQ RQO\ 3RVWDFTXLVLWLRQ WKH VSHFWUXP LPDJHV RI WKH % DQG 1GRSHG
VDPSOHVZHUHGHQRLVHGXVLQJSULQFLSDOFRPSRQHQWDQDO\VLV>@XVLQJWKHPRVWVLJQLILFDQW
FRPSRQHQWVIRUUHFRQVWUXFWLRQ)RUWKHVSHFWUDRIWKHQRQGRSHGJUDSKHQHUHIHUHQFHVDPSOHLQ
)LJXUHVDQG6WKHHQHUJ\UHVROXWLRQZDVH9XVLQJDVSHFWUDOVDPSOLQJRIH9SHU
FKDQQHODQGDQH[SRVXUHWLPHRIPVWKH'XDO((/6PRGHZDVQRWXVHG)RUWKHVSHFWUXP
RI WKHQRQGRSHGJUDSKHQH UHIHUHQFH VDPSOH LQ)LJXUH6 WKH'XDO((/6PRGHZDVXVHG
H[SRVXUH WLPHV ZHUH  PV IRU VSHFWUD LQFOXGLQJ WKH IXOO =/3 DQG  PV IRU VSHFWUD
FRYHULQJWKHYDOHQFHORVVUHJLRQRQO\,QWKLVFDVHWKHHQHUJ\UHVROXWLRQZDVH9XVLQJD
VSHFWUDOVDPSOLQJRIH9SHUFKDQQHO1RSRVWDFTXLVLWLRQGHQRLVLQJZDVXVHGIRUDQ\RI
WKHQRQGRSHGJUDSKHQHVSHFWUDSUHVHQWHGKHUH
Computational details: ,QLWLDO DQG ILQDO HOHFWURQLF ZDYHIXQFWLRQV ZHUH FDOFXODWHG XVLQJ
'HQVLW\ )XQFWLRQDO 7KHRU\ ')7 DV LPSOHPHQWHG LQ WKH 9LHQQD ab initio 6LPXODWLRQV
3DFNDJH 9$63>±@ :H ZRUNHG ZLWKLQ WKH *HQHUDOL]HG *UDGLHQW $SSUR[LPDWLRQ **$
DQG WRRNLQWRDFFRXQWSURMHFWRUDXJPHQWHGZDYH3$:FRUUHFWLRQV>@HVVHQWLDOIRUSURSHU
WUHDWPHQW RI WKH ORZ PRPHQWXP WUDQVIHU ³GLSROH´ OLPLW 7R VLPXODWH LVRODWHG VLQJOH
VXEVWLWXWLRQDOGHIHFWVZHXVHDQH[SDQGHGîîJUDSKHQHVXSHUFHOOZLWKcRIYDFXXP
DORQJWKH]GLUHFWLRQWRVLPXODWHWKH'QDWXUHRIWKHV\VWHPDQGDYRLGFRUUHODWLRQVEHWZHHQ
QHLJKERULQJ LPSXULWLHV GXH WR SHULRGLFLW\ 7KH %ULOORXLQ ]RQH ZDV VDPSOHG E\ XVLQJ D
îîNSRLQWPHVKZKLFKZDV IRXQG WREH VXIILFLHQW IRUREWDLQLQJD UHOD[HGGHQVLW\RI
VWDWHV:HFDOFXODWHGDOOHOHFWURQLFVWDWHV UHTXLUHG LQRUGHU WR LQFOXGHDOOSRVVLEOHHOHFWURQLF
H[FLWDWLRQV ZLWK HQHUJ\ORVVHV XS WR  H9 7KH HQHUJ\ORVV DQG PRPHQWXPWUDQVIHU
GHSHQGHQW LQHODVWLF VFDWWHULQJ SRWHQWLDO ZDV FDOFXODWHG ZLWKLQ WKH ORFDO DSSUR[LPDWLRQ>±@
XVLQJ ')7 LQLWLDO DQG ILQDO VWDWHV 'XH WR WKH DEVHQFH RI FKDQQHOLQJ HIIHFWV IRU '
V\VWHPV>@ WKH VFDWWHULQJ SRWHQWLDO LV SURSRUWLRQDO WR WKH 9((/6 VLJQDO 7KXV E\
LQWHJUDWLQJWKHLQHODVWLFVFDWWHULQJSRWHQWLDORYHUSDUWLFXODUHQHUJ\ORVVUDQJHVZHREWDLQPDSV
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
WKDWGLVSOD\VLPLODUVSDWLDOUHVROXWLRQDQGHQHUJ\ORVVGHSHQGHQFHDVWKHH[SHULPHQWDO9((/6
GDWD 0$$') LPDJH VLPXODWLRQV ZHUH FDUULHG RXW XVLQJ WKH 467(0>@ VRIWZDUH SDFNDJH
XVLQJSDUDPHWHUVUHSUHVHQWDWLYHRIWKHH[SHULPHQWDOFRQGLWLRQV
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1DWLRQDO 5HVHDUFK )DFLOLW\ IRU $GYDQFHG (OHFWURQ 0LFURVFRS\ 7KH DXWKRUV JUDWHIXOO\
DFNQRZOHGJH'U7UHYRU+DUGFDVWOHIRUSHUIRUPLQJWKHEDQGVWUXFWXUHFDOFXODWLRQVUHSURGXFHG
LQILJXUH6RIWKH6XSSOHPHQWDU\,QIRUPDWLRQSURYLGHG$OOQHZQXPHULFDOFDOFXODWLRQVZHUH
SHUIRUPHG DW WKH 1DWLRQDO (QHUJ\ 5HVHDUFK 6FLHQWLILF &RPSXWLQJ &HQWHU 1(56& 7KLV
UHVHDUFK ZDV DOVR VXSSRUWHG E\ WKH &HQWHU IRU 1DQRSKDVH 0DWHULDOV 6FLHQFHV ZKLFK LV D
'HSDUWPHQWRI(QHUJ\2IILFHRI6FLHQFH8VHU)DFLOLW\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